This work deals with fatigue behaviour of cracked aircraft structural components under cyclic loads of constant amplitudes and load spectrum. This investigation is focused on developing efficient and reliable computational methods for fatigue life estimation of cracked aircraft lugs under cyclic loads of constant amplitude and load spectrum. For crack growth analyses and residual lives of damaged lugs two approaches are used: the Strain Energy Density (SED) method and the conventional Forman`s method. A special attention has been focused on the determination of the fracture mechanics parameters of structural components such as stress intensity factors of aircraft cracked lugs. The effects of the shape of lug surface cracks on the residual fatigue life are investigated as well. The SED method uses the low-cycle fatigue (LCF) properties of the material, which are also used for the lifetime evaluation until the occurrence of final failure. Therefore, the experimentally obtained dynamic properties of the material such as Forman`s constants are not required when this approach is concerned. The complete computational procedure for the crack propagation analysis using low-cycle fatigue material properties is illustrated with the cracked structural elements. To determine analytic expressions for stress intensity factors (SIF), singular finite elements are used. The results of the numerical simulations for crack propagation based on the strain energy density method have been compared with the authors' experimental results.
Introduction
Many structural components are subjected to cyclic loading. In these components, fatigue damage is the prime factor in affecting structural integrity and service life. Fatigue damage is typically divided into three stages: crack initiation, crack propagation and final failure. These three stages are important in determining the fatigue life of structural components.
Primary attention in this research has been to develop an efficient and reliable computational method for residual life estimation of damaged structural components under cyclic loading. To determine residual life of damaged structural components two crack growth methods are used: conventional Forman`s crack growth method and crack growth model based on the strain energy density method. The latter method uses the low cycle fatigue properties in the crack growth model. The governing equations for both crack initiation and crack growth phase using conventional crack growth and SED are given in Maksimović Set al. (2011); Maksimović S. et al. (2012) and Sehitoglu H. et al. (1996) . The ability to successfully maintain aircraft airworthiness and structural integrity is critically dependent on the application of appropriate fatigue crack growth (FCG) prediction tools. The prediction tools are required to accurately predict FCG in aircraft structures and components under flight spectrum loading, and thus reliably provide total economic lives or inspection intervals as part of a stringent aircraft structural integrity management plan.
Fatigue crack growth in aircraft structures and components under flight spectrum loading is traditionally predicted based on FCG rates obtained from constant-amplitude (CA) crack growth testing using the cycle-by-cycle approaches (Blažić M. et al. 2011; Maksimović M. et al. 2012 ).
Fatigue crack growth method model based on strain energy method
In this work, fatigue crack growth method based on energy concept is considered and it is necessary to determine the energy absorbed till failure. This energy can be calculated by using cyclic stress-strain curve. As a result, the energy absorbed till failure becomes (Maksimović M. et al. 2018 
where f / is cyclic yield strength and f / -fatigue ductility coefficient. Fatigue crack growth rate can be obtained in the next form (Maksimović M. et al. 2018; Boljanović S. et al. 2014 
where KI is the range of stress intensity factor,  -constant depending on the strain hardening exponent n / , In / -the non-dimensional parameter depending on Kth is the range of threshold stress intensity factor and is function of stress ratio i.e.
Kth0 is the range of threshold stress intensity factor for the stress ratio R = 0 and  is coefficient (usually,  = 0.71). Equation (2) enables us to determine crack growth life of different structural component. Very important fact is that equation (2) is easy for application since low cyclic material properties (n / , f / , f) are used as parameters.
For comparisons computation results based on SED we used conventional Forman`s crack growth method too in the next form
where: C, n are crack growth rate constant and exponent, R is stress ratio, KC is fracture toughness and K is the range of stress intensity factor. For tension-compression cyclic load cases, the following Elber rate model is adopted:
where Rcutis the cut-off value of the negative stress ratio. In the previous equation, the exponent q is considered as the acceleration index (Chang, JB et al. 1981 ).
Crack growth analysis of cracked aircraft skin/plate under load spectrum
Here, we illustrated numerical simulation of crack growth method using strain energy density method (SED). Geometry of cracked aircraft skin is shown in Figure 1 . In Table 1 , due to a systematic approach, in addition to the computation estimates based on SED and calculation results of the evaluation with conventional laws of crack growth here modified Elber`s crack growth law in which the fatigue crack growth properties of dynamic characteristics material are used. In Table 2 are given the complete computation residual life results which include relation, a-N, (a-crack length, N-is the number of cycles). These results are obtained using in-house software "SED" based on Strain Energy Density Method (Maksimovic S. and Maksimovic K. 2012; Boljanović S. and Maksimović, S. 2014; Chang, J. B. et al. 1981; Maksimović, S. 2008; Maksimović K. et al. 2011; Boljanović S. et al. 2019 ).
In Figure 3 graphical crack growth behaviour of cracked panel under tension cyclic load is shown. Fig. 3 . Dependence a-N for specimen М-1 using SED under cyclic loads of constant amplitude
In Table 3 are shown residual life estimations of cracked plate/shell panel under multiple overload/underload spectrum. Good agreement of the present computation with experimental results is evident, according to Chang, J. B. et al. (1981) . 
Conclusion
This work presents a computational model/procedure for assessing the residual strength of damaged aircraft structural components subjected to cyclic loading. A special aspect of this investigation is based on application of Strain Energy Density (SED) method in residual life estimation of structural components with initial cracks under load spectrum. In this approach, we used the same low cyclic material properties for crack growth and crack initiation. For determination low cyclic fatigue properties of materials and corresponding parameters of fracture mechanics including fatigue tests of representative aircraft structural components such as cracked aircraft skin are used. To validate computation methods in residual life estimation of cracked structural elements modified conventional crack growth method is used too. The computation procedures for residual life estimations of cracked structural elements these are compared with corresponding experimental tests. Good agreement between computation and experimental results are obtained (Tables 1 and 3 ). This approach can be used as efficient computation method in total fatigue life estimations of structural element under cyclic loads.
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